Background: Extracellular loops of the transmembrane domain of the relaxin receptor RXFP1 are predicted to interact with relaxin. Results: RXFP1 extracellular loops displayed on a scaffold protein enabled investigation of ligand interactions. Conclusion: RXFP1 activation involves interactions between the extracellular loops with relaxin and the receptor LDLa module. Significance: Understanding the molecular mechanisms of RXFP1 activation will aid drug design at this receptor.
Relaxin, an emerging pharmaceutical treatment for acute heart failure, activates the relaxin family peptide receptor (RXFP1), which is a class A G-protein-coupled receptor. In addition to the classic transmembrane (TM) domain, RXFP1 possesses a large extracellular domain consisting of 10 leucine-rich repeats and an N-terminal low density lipoprotein class A (LDLa) module. Relaxin-mediated activation of RXFP1 requires multiple coordinated interactions between the ligand and various receptor domains including a high affinity interaction involving the leucine-rich repeats and a predicted lower affinity interaction involving the extracellular loops (ELs). The LDLa is essential for signal activation; therefore the ELs/TM may additionally present an interaction site to facilitate this LDLa-mediated signaling. To overcome the many challenges of investigating relaxin and the LDLa module interactions with the ELs, we engineered the EL1 and EL2 loops onto a soluble protein scaffold, mapping specific ligand and loop interactions using nuclear magnetic resonance spectroscopy. Key EL residues were subsequently mutated in RXFP1, and changes in function and relaxin binding were assessed alongside the RXFP1 agonist ML290 to monitor the functional integrity of the TM domain of these mutant receptors. The outcomes of this work make an important contribution to understanding the mechanism of RXFP1 activation and will aid future development of small molecule RXFP1 agonists/antagonists.
Relaxin is a two-chain peptide hormone, structurally similar to insulin, that binds and activates the class A GPCR, 4 relaxin family peptide receptor 1 (RXFP1). Its downstream actions play important roles in mediating a wide variety of physiologies (1) , and recently its positive cardiovascular effects have led to the successful use of serelaxin, the recombinant form of the human gene-2 relaxin peptide (H2 relaxin), in a phase 3 clinical trial for the treatment of acute heart failure (2) . With this therapeutic potential, the design of smaller relaxin analogues with oral bioavailability would be beneficial. To achieve this, understanding the molecular mechanisms of relaxin-mediated activation of RXFP1 is essential.
The seven transmembrane (TM) helix domain of RXFP1 contains the hallmarks of class A rhodopsin-like GPCRs. However, RXFP1 additionally possesses a large extracellular domain comprising 10 leucine-rich repeats (LRRs), which classifies it as a LRR-containing GPCR (LGRs). Other LGRs include the follicle-stimulating hormone receptor and the luteinizing hormone receptor, which belong to type A LGRs, and the recently deorphaned R-spondin receptors (LGR4, LGR5, and LGR6) (3) , which belong to the type B LGRs. Distinct from the other LGRs and indeed all other mammalian GPCRs, RXFP1 and the structurally related INSL3 receptor RXFP2 belong to type C LGRs because of the presence of an N-terminal low density lipoprotein class A (LDLa) module (4) .
Relaxin-mediated activation of RXFP1 appears to be multistep. Its high affinity binding to the LRRs has been characterized via reciprocal mutagenesis studies on both the receptor and the peptide (5, 6) . Additionally, chimeric receptor data suggest that relaxin binds to the extracellular loops (ELs) of the TM domain (7) ; however, the affinity of relaxin to the full-length receptor is similar to an extracellular domain alone construct, which lacks the TM domain, suggesting that any binding to this region is likely to be much weaker than at the primary binding site (8) .
Additionally, the LDLa module has an essential role in receptor activation. Its removal does not affect relaxin binding; however, the receptor does not signal, suggesting that relaxin binding alone is not sufficient to initiate signaling. Mutagenesis studies of the LDLa reveal that residues within the N-terminal region of the module are involved in receptor activation highlighting the possibility that the LDLa module is able to make activating contacts with the TM domain (9, 10) . Molecular characterization of relaxin and LDLa interactions at the ELs of RXFP1 has been limited because of the inherent difficulties in studying membrane-associated GPCRs. Also, more in depth analysis of the interactions involving the ELs of these receptors is limited by the presence of the high affinity ligand binding site within the LRRs, which masks the weak interactions at the ELs.
A novel approach to investigate the interactions occurring at the ELs of the chemokine receptor utilized a protein engineering strategy to develop a small, soluble scaffold protein that had the ability to display the ELs of interest (11) . The ELs were transferred onto a thermostabilized version of the B1 immunoglobulin binding domain of streptococcal protein G (GB1), enabling the characterization of a specific interaction with the endogenous receptor ligand. We have reported previously the design, expression, and purification of a scaffold protein (thermostabilized GB1) displaying RXFP1 EL1 and EL2, including the structurally important disulfide bond (EL1/EL2-GB1) (12) . In this study, we further characterize this construct in comparison with thermostabilized GB1 and a disulfide deficient EL1/ EL2-GB1cs. These proteins were then used to probe interactions with the cognate ligand relaxin and a soluble version of the LDLa module (9) . Residues and regions highlighted from these studies further informed site-directed mutagenesis on the fulllength receptor that confirmed the conclusions, derived from use of the loop-displaying scaffold. The recently described RXFP1 agonist ML290 (13) binds RXFP1 at an allosteric site within EL3 of the TM domain and thus was used as a tool in this study to confirm the functional integrity of the mutated TM domain enabling the discrimination between residues that perturbs the structure of the receptor rather than contributing to ligand binding. These findings will help to shed light on the complex molecular mechanism of the activation of RXFP1, which is emerging as an important clinical target.
EXPERIMENTAL PROCEDURES
Scaffold Design-A thermostabilized GB1 (tGB1) construct (11, 14) (a gift from Dr. Martin Stone, Monash University) was used as a scaffold for designing the insertions of EL1 and EL2 of RXFP1 (EL1/EL2-GB1) as previously described (12) . As controls, GB1 without loops inserted and a construct lacking the cysteines (EL1/EL2-GB1cs) that form a disulfide between EL1 and EL2 were produced. A schematic of these proteins and their sequences are represented in Fig. 1 .
Site-directed Mutagenesis of RXFP1-PCR-based site-directed mutagenesis was used to generate the EL1/EL2-GB1 F82A and F82Y mutants in addition to the full-length RXFP1 mutants. Although the scaffold constructs described above were used for introducing mutants, the RXFP1 sequence with an N-terminal FLAG tag (which has been shown previously not to alter ligand binding or expression (7, 15) ) in the pdDNA3.1/ zeo mammalian expression vector (15) was used as the template for site-directed mutagenesis of full-length RXFP1. Briefly, a pair of complementary primers were designed for each mutation according to the guidelines previously outlined (16) . Mutants were generated using site-directed mutagenesis using PrimeStar DNA Taq polymerase (Clontech) following the manufacturer's protocol. The reactions were incubated with 1 l of Dpn1 (Promega) for 2 h before transformation into competent DH5␣ Escherichia coli cells that were grown overnight on LB agar (Amp) plates at 37°C. Colonies were then selected, and DNA was extracted (Promega Wizard Plus SV mini prep kit) and sequenced over the region of the mutation. Successful mutants were verified via sequencing.
Protein Expression and Purification-The expression of EL1/ EL2-GB1 has been previously described (12) . Briefly, the genes for EL1/EL2-GB1, EL1/EL2-GB1 F82A, EL1/EL2-GB1 F82Y, and EL1/EL2-GB1cs were subcloned into the expression vector pET15b (Novagen Inc.). Scaffolds were expressed as N-terminal His 6 tag fusions in BL21 (DE3) E. coli via induction with 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside, 16°C for 24 h (12) . 15 N labeling of proteins was achieved using a previously described method (17) where 2 liters of Luria broth was inoculated with overnight culture and grown until an A 600 of 0.5 was achieved. Cultured cells were collected and washed in an M9 minimal medium prior to incubation in 500 ml of minimal medium, allowing recovery for 1 h at 16°C in the presence of 15 NH 4 Cl prior to overnight induction at 16°C using 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside (17) .
EL1/EL2-GB1, EL1/EL2-GB1 F82A, and EL1/EL2-GB1 F82Y were extracted from inclusion bodies by cell lysis and four washes (50 mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT) before solubilization in 8 M urea at 4°C and purified with nickel-Sepharose Fast Flow resin (GE Healthcare) under denaturing conditions (8 M urea, 1 M NaH 2 PO 4 , 10 mM Tris, pH 8, followed by a wash at pH 6.3 and elution at pH 4). Proteins were refolded stepwise in 3 M urea (500 mM NaCl, 50 mM Tris, 50 mM glycine, 100 mM glucose, 4 mM reduced glutathione, 0.4 mM oxidized glutathione, pH 8) and then 1 M urea (500 mM NaCl, 50 mM Tris, 50 mM glycine, 100 mM glucose, 4 mM reduced glutathione, 0.4 mM oxidized glutathione, pH 8) at room temperature prior to overnight dialysis in 20 mM Tris, pH 8. The protein was purified on DEAE beads (GE Healthcare) using a NaCl gradient in 20 mM Tris, pH 8, prior to final purification on a Hiload 16/60 Superdex 75 gel filtration column (GE Healthcare) in 50 mM NaH 2 PO 4 , pH 7. Yields of 5 mg/liter culture were routinely obtained, and protein identity and disulfide bond formation were confirmed by electrospray ionization-TOF mass spectrometry.
The tGB1 and EL1/EL2-GB1cs proteins were similarly expressed, but purified from the soluble fraction of lysed cell pellets using Ni-Sepharose Fast Flow resin (GE Healthcare) with proteins eluted with 200 -300 mM imidazole, 20 mM Tris, 150 mM NaCl, pH 8 prior to final purification on a Hiload 16/60 Superdex 75 gel filtration column (GE Healthcare), 50 mM NaH 2 PO 4 , pH 7. Yields of 10 mg/L culture were routinely obtained and protein identity was confirmed by electrospray ionization-TOF mass spectrometry.
CD Spectrophotometry-CD measurements were made on an AVIV model 410SF spectropolarimeter with temperature control. Wavelength scans were acquired at the far UV range (250 -190 nm) at 0.5-nm resolution in a cell with a 1-mm path length at 25°C. Raw CD data had the background (buffer only) subtracted and was expressed as mean residue elipticity []. All data used were below the Dynode range of 500 V. Samples were degassed for 20 min prior to analysis and were at 0.15 mg/ml in 50 mM NaH 2 PO 4 , pH 7.5. The proportion of secondary structure was determined using CDPro (18) , whereby Continll and reference set 6 were the favored comparison data set, generally giving the lowest normalized root mean square deviation values as an assessment of fit.
In thermal denaturation experiments, protein elipticity was monitored at 222 nm, whereas the temperature was increased from 20 to 90°C at 1°C intervals with a 4-s averaging time and 0.2 min of temperature equilibration time at each temperature step. Experiments were repeated three times, with each generating comparable results.
Biotinylated H2 Relaxin-The biotinylated H2 relaxin analogue (relaxin-b) was chemically synthesized using regioselectively S-protected A-and B-chains followed by sequential disulfide bond formation (19, 20) . The biotin moiety was attached to the N terminus of the A chain with a 4ϫ polyethylene glycol linker. The purified final product obtained from this chemical synthesis was 3.1 mg with a good overall yield (ϳ15% starting from the B-chain) given the complexity of this peptide.
Streptavidin-based Relaxin Pulldown Assay-A pulldown assay was used to detect whether a complex formed between a biotinylated H2 relaxin construct and the scaffolds. The complexes were detected by Western blot using anti-His antibodies. Initial binding reactions contained 0.01 mg/ml of scaffold protein, 2ϫ molar ratio of relaxin-b and at least 20-molar ratio of competitor H2 relaxin (no biotin tag; recombinant H2 relaxin kindly provided by Corthera) in 20 mM NaH 2 PO 4 , pH 7.5, 150 mM NaCl. 30 l of streptavidin-Sepharose (GE Healthcare) resin was washed in 20 mM NaH 2 PO 4 , pH 7.5, 150 mM NaCl at 4°C for 20 min prior to collection by centrifugation at 2000 rpm for 30 s and resuspended in 100 l of peptide containing reactions. Each reaction was incubated overnight on slow rotation at 4°C. Resin was washed with 20 mM NaH 2 PO 4 , pH 7.5, 150 mM NaCl three times prior to analysis by Western blot using His tag (27E8) mouse monoclonal antibody (Cell Signaling Technologies), 1:1000, made up in 50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween, 0.05% skim milk as the primary antibody and anti-mouse IgG, HRP-linked antibody (Cell Signaling Technologies), 1:5000, made up in the same buffer, for the secondary antibody. Westerns were developed using Amersham Biosciences ECL prime (GE Healthcare) and imaged on a LAS 3000 IDX4 gel imager (Fugi photo film Co.).
For assays, where the interaction of the scaffold with the LDLa module was being interrogated, LDLa was expressed and purified as previously described (9, 21) , and buffers of 100 mM Tris, 150 mM NaCl, and 10 mM CaCl 2 , pH 7.5, were used as the structural integrity of the LDLa module requires Ca 2ϩ ligation (21 15 N, and 13 C cryoprobe. Titrations with the LDLa module used protein expressed and purified as previously described (9) and conducted in 100 mM Tris, 10 mM CaCl 2 , 150 mM NaCl, pH 6.8, because of a structural requirement for calcium (21) with 150 M EL1/EL2-GB1 and increasing concentrations of LDLa: 10, 50, 100, and 200 M. In the reverse experiment, the 15 N LDLa module was expressed and purified, and a 100 M sample was titrated against unlabeled EL1/EL2-GB1 of increasing concentrations at 25, 50, and 100 M in 100 mM Tris, 10 mM CaCl 2 , 150 mM NaCl, pH 7.5. For all titration experiments, the titrant and titrand were prepared by dialyzing in the same buffer within the same vessel.
NMR data were processed in NMRPipe (22) using a LorentzGauss window function in the 1 H dimension and a cosine bell in the 15 N dimension, and each dimension was zero filled once prior to Fourier transform. Data were analyzed in NMRView (23) . The K d values were calculated by fitting the intensity changes to the peaks to a single site saturation binding curve using the formula:
where Y is the peak intensity, and L is the concentration of ligand.
Receptor Expression on HEK 293T Cells-HEK-293T cells were transfected with mutant receptor plasmids using Lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions. Mutant receptor expressing cells were then selected for semistable expression by Zeocin selection followed by FACS using a fluorescently tagged FLAG antibody 1 week later as previously described (24) . HEK293T cells stably expressing WT RXFP1 were used as a positive control in the FACS sort, and only the top 10% of cells with fluorescence levels significantly higher than the background fluorescence in nontransfected HEK293T control cells were collected. The sorted cells were grown in complete DMEM in the presence of 200 g/ml Zeocin until confluent. The semistable expression of the mutant receptors was maintained with weekly Zeocin treatment.
Eu-labeled H2 Relaxin Binding Assays-Saturation binding assays were performed on whole cells as described previously, using Europium labeled H2 relaxin (Eu-H2 relaxin) (25) . Increasing concentrations of Eu-H2 relaxin (0.1-50 nM) were utilized for saturation binding, and nonspecific binding was determined in presence of 1 M of unlabeled H2 relaxin. Readings were taken in triplicate and read on a BMG plate reader (Omega) in clear-bottomed, opaque-walled 96-well plates (PerkinElmer Life Sciences). The data were analyzed using GraphPad PRISM 5 and presented as mean percentage specific binding Ϯ S.E. of at least three independent experiments. A nonlinear regression one-site binding curve was then fitted and resulting pK d and B max values were subjected to one-way analysis of variance and uncorrected Fisher's least square difference comparison test.
cAMP Activity Assays-The ability for WT and mutant RXFP1 variants to signal in response to stimulation with H2 relaxin or the RXFP1 small molecule allosteric modulator ML290 (13) was assessed using a cAMP reporter gene assay as previously described (26) . HEK-293T cells stably expressing RXFP1 or the mutant receptors were seeded into poly-L-lysinecoated 96-well plates (40,000 cells/well). 24 h later, the cells were treated with 100 l of differing concentration of H2 relaxin (0.0001-10 nM) or 5 M forskolin and allowed to incubate for 6 h at 37°C, 5% CO 2 . The medium was then removed, and the cells were frozen at Ϫ80°C overnight. Cells were lysed by incubation with 25 l/well 100 mM NaH 2 PO 4 , 2 mM MgSO 4 , 0.1 mM MnCl 2 , pH 8, for 10 min and then 100 l/well 100 mM NaH 2 PO 4 , 2 mM MgSO 4 , 0.1 mM MnCl 2 , 0.5% Triton X-100, 40 mM ␤-mercaptoethanol, pH 8, for 10 min. 25 l of ␤-galactosidase substrate was added (1 mg/ml chlorophenolred-␤-Dgalactopyranoside (Roche Diagnostics) in 100 mM NaH 2 PO 4 , 2 mM MgSO 4 , 0.1 mM MnCl 2 , pH 8), and the absorbance was read at 570 nm on Benchmark Plus (Bio-Rad) microplate spectrophotometer. Experiments were completed in triplicate and repeated three times. The data were analyzed in GraphPad Prism 5 with the amount of ␤-galactosidase activity calculated as a percentage forskolin response plotted as means Ϯ S.E. A nonlinear regression dose-response curve was then fitted, and the resulting pEC 50 and E max values were subjected to one-way analysis of variance and uncorrected Fisher's least square difference comparison test.
RESULTS

Design of a RXFP1 EL1/EL2
Displaying Scaffold-The design of the loop-displaying scaffold required careful consideration of the loop boundaries and insertion tolerable sites. A thermostabilized variant of the B1 immunoglobulin binding domain of streptococcal protein G (tGB1) was chosen as the backbone for this loop scaffold because of its size, solubility, extensive characterization using NMR, and successful use in a similar application (11, 12) . In a previous report, two tGB1 loops were replaced by GPCR extracellular loops of CCR3, which were well tolerated (11) . Based on this design, the tGB1 loops were likewise replaced by RXFP1 EL1 and EL2 sequences (Fig. 1 ). RXFP1 boundaries for the extracellular loop sequences were selected based on predictions of putative loop-transmembrane helix boundaries using TMHMM (27) , TMPredict (28) , and Mobyle (29) . Because EL2 had been implicated in the secondary site using receptor chimeras (7, 15) , it was incorporated into the second insertion site where both ends would be tethered (Fig.  1 ). To permit flexibility, two glycine residue linkers flanked EL2. EL1 was positioned at the N terminus of the scaffold such that the C-terminal cysteine of EL1 should be able to form a disulfide with the mid-loop cysteine of EL2 (Fig. 1) . This disulfide is conserved in the majority of GPCRs and is known to be important for receptor function (30) . The construct containing EL1 and EL2 with an intact disulfide was designated EL1/EL2-GB1. As a negative control, a disulfide-less scaffold was generated where the cysteine residues in EL1/EL2-GB1 were mutated to serine and was designated EL1/EL2-GB1cs (Fig. 1 ). This construct was predicted not to be able to interact with H2 relaxin because of the loss of structure within the loops caused by the loss of the disulfide bond. An additional control of tGB1 without loops was also prepared.
Characterization of tGB1, EL1/EL2-GB1, and EL1/EL2-GB1cs-We initially tested the integrity of the control proteins tGB1 and EL1/EL2-GB1cs as well as EL1/EL2-GB1 using CD spectrophotometry. The proportion of secondary structure was determined using CDPro (18). The Role of the Extracellular Loops in RXFP1 Activation DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50
The CD spectra of tGB1, EL1/EL2-GB1, and EL1/EL2-GB1cs suggest that the proteins are folded with tGB1 having mixed ␣/␤ structure consistent with the literature (14) . Analysis of EL1/EL2-GB1 compared with tGB1 by CD shows a marked increase in the proportion of ␤-sheet and decrease in ␣-helix ( Fig. 2 and Table 1 ). An increase in undefined structure was also observed. The latter change likely reflects the presence of the loops grafted into the protein; however, the ϳ4% increase in undefined structure is modest considering the large loop insertions. The increased proportion of ␤ sheet suggests that part of the loops may form a ␤ sheet conformation. EL1/EL2-GB1cs has similar secondary structure compared with EL1/EL2-GB1 ( Fig. 2A and Table 1 ); however, the small reduction in helix and the increase in ␤-sheet may infer that some of the secondary structure of the loops involves the disulfide bond, which was not unexpected.
The thermal stability of the purified proteins was assessed using CD ( Fig. 2B and Table 1 ). As expected (14), tGB1 did not unfold over the range of 20 -90°C and retained its secondary structure compared with an unmelted protein. The addition of the loops to the scaffold was destabilizing, which is reflected in both EL1/EL2-GB1 and EL1/EL2-GB1cs where the T m values were determined to be 65 and Ͼ70°C, respectively ( Fig. 2 and Table 1 ). The T m of EL1/EL2-GB1cs is also higher than EL1/ EL2-GB1, indicating that the restriction of the disulfide bond is also destabilizing. Detecting EL1/EL2-GB1-relaxin complexes using streptavidin pulldown assays reveals that the EL disulfide bond is essential.
A streptavidin pulldown assay was developed to determine whether EL1/EL2-GB1 was able to bind H2 relaxin. Fig. 3 shows that in the presence of biotinylated H2 relaxin (relaxin-b), EL1/ EL2-GB1 is captured on the streptavidin beads in the bound fraction as determined by Western blot detecting the N-terminal His 6 tag on EL1/EL2-GB1. Relaxin-b was unable to pulldown unmodified tGB1 (Fig. 3) , suggesting that the interaction is specific for the loop sequences inserted in EL1/EL2-GB1. Additionally EL1/EL2-GB1cs was also unable to interact with relaxin-b because it was detected in the unbound fraction, suggesting that the structure and conformation of the loops constrained by the disulfide bond on this scaffold are essential for interactions with relaxin-b.
To confirm the specificity of the interaction between EL1/ EL2-GB1 and H2 relaxin, the complex was mixed with excess unbiotinylated H2 relaxin to outcompete binding of the scaffold to the streptavidin bound relaxin-b. Fig. 3 shows that unbiotinylated H2 relaxin alone does not promote EL1/EL2-GB1 binding to naked streptavidin beads. However, when added in excess to the relaxin-b/EL1/EL2-GB1 complex, the unbiotinylated H2 relaxin is able to compete with relaxin-b, resulting in less EL1/EL2-GB1 bound to the streptavidin, demonstrating a specific interaction. Detecting EL1/EL2-GB1-LDLa complexes using streptavidin pulldown assays reveals that the LDLa module can also interact with RXFP1 extracellular loops.
Because the N-terminal RXFP1 LDLa module has been shown to be essential for receptor activation, we hypothesized that it may interact with the ELs displayed on the EL1/EL2-GB1. To test this, we repeated the pulldown assay, this time using an excess of recombinant LDLa module to compete with EL1/EL2-GB1. This resulted in EL1/EL2-GB1 being detected in the unbound fraction (Fig. 3) . Taken together, these results show that the H2 relaxin interaction with the ELs displayed on our scaffold is dependent on the structural constraints driven by the disulfide bond. These results also suggest that LDLa binds to these ELs, and its ability to outcompete the relaxin-b/EL1/EL2-GB1 complex suggests the possibility of an overlap in the binding sites.
H2 Relaxin Binding EL1/EL2-GB1 Observed by 15 N HSQC Confirms Findings from the Pulldown Assays-Extending from the pulldown assays described above, we used NMR experiments to probe the interaction of EL1/EL2-GB1 with H2 relaxin and the LDLa module, as well as EL1/EL2-GB1cs with H2 relaxin. Two-dimensional 1 H, 15 N HSQC spectra were initially collected on both EL1/EL2-GB1 and EL1/EL2-GB1cs in the apo form. We assessed the quality of NMR spectra at pH 6 and 6.8 over temperatures ranging from 10 to 40°C and found the spectrum of EL1/EL2-GB1 at pH 6.8 and 40°C showed the largest number of well dispersed resonances, indicative of a folded protein. However, overlay with the spectrum of tGB1 reveals that most of the dispersed resonances belong to the scaffold itself (Fig. 4) . Compared with the spectrum of tGB1, there are a large number of additional, albeit weak, resonances in EL1/EL2-GB1 between 7.5 and 8.5 ppm ( 1 H) that likely belong to the EL1 and EL2 insertions. The chemical shifts of these resonances suggest a lack of structural order, whereas the weak intensities suggest motion on an intermediate time scale. An additional complexity was revealed by a simple peak count that showed there were seven more resonances observed than expected, indicating structural heterogeneity. Although this heterogeneity and the large number of weak peaks limited resonance assignment, it was trivial to assign the EL1 side chain tryptophan resonance at 9.90 ppm (Fig. 4) . Acquiring spectra of EL1/EL2-GB1cs (Fig.  5D) showed both an increase in heterogeneity, with additional resonances being observed (of tGB1 or loops) and a general increase in resonance intensity. The increase in resonance intensity suggests that the loss of the disulfide results in the EL2 loop becoming mobile on a fast time scale. In EL1/EL2-GB1cs, the resonance attributed to the EL1 side chain tryptophan has split into two resonances of 2:1 intensity (Fig. 5D) , suggesting that the additional heterogeneity in this construct could be due to cis-trans isomerism of proline. There is one proline in these proteins, in EL2; therefore, it is tempting to speculate that the tryptophan in EL1 is in close proximity to this proline in EL2.
H2 Relaxin Titrations to Both EL1/EL2-GB1 and EL1/EL2-GB1cs
Confirm the Importance of the Disulfide-Titration of 15 N-labeled EL1/EL2-GB1 with H2 relaxin resulted in the appearance of new resonances and an increase in the intensity of others (Fig. 5, A and B) , indicating that the time scale for these resonances has altered because of an interaction. Fig. 5 (B and C) highlights some of the dose-dependent changes in resonance intensity associated with increasing H2 relaxin concentration. The changes in intensity of 20 peaks that do not belong to GB1 were averaged and plotted against H2 relaxin concentration (Fig. 5F ), and an apparent K d of 3.9 Ϯ 0.9 M was determined, which is consistent with a weak interaction. Notably, the resonances that were affected are not those believed to belong to the core of the GB1 scaffold. No dose-dependent appearances of resonances and/or increases in resonance intensity were observed in 15 N HSQC spectra of EL1/EL2-GB1cs when titrated with H2 relaxin to the same concentrations as EL1/ EL2-GB1 (Fig. 5, D and E) , supporting the observation from the streptavidin pulldown assay, which showed no interaction between EL1/EL2-GB1cs and H2 relaxin.
Detecting an Interaction between the LDLa Module and EL1/ EL2-GB1 Using NMR Supports an Interaction with the Extracellular Loops of RXFP1-
The ability of the LDLa module to outcompete the H2 relaxin/EL1/EL2-GB1 complex in the pulldown assays (Fig. 3) suggested that the module interacts with the ELs and potentially overlaps the H2 relaxin binding site. To investigate this further, we titrated 15 N EL1/EL2-GB1 with unlabeled LDLa module. In a similar manner to the relaxin experiment, ϳ20 resonances appeared to increase in intensity upon the addition of LDLa indicative of an interaction (Fig. 6) . Because the LDLa module requires Ca 2ϩ for maintaining a folded structure, the solution conditions differ for Figs. 5 and 6. We plotted the averaged intensity change of the 20 resonances over the titration and estimated the K d of 28.2 Ϯ 3.5 M (Fig.  6C) .
We also acquired the reverse experiment, titrating (Fig. 7) . In addition, the residues Ser 6 and Thr 16 show small although not significant shifts (Fig. 7) . These chemical shifts differences are consistent with the predicted weak binding of ϳ30 M K d from the previous titration. The most significant differences notably map to the C-terminal region of the LDLa module (Fig. 7) .
Site-directed Mutagenesis of EL2 Phenylalanine in Fulllength RXFP1 and EL1/EL2-GB1-To probe for residues that are specific for interactions with H2 relaxin, site-directed mutants of Gly 561 , Val 562 , and Phe 564 of EL2 in full-length RXFP1 were prepared, and transient transfections were made and assessed for activity. These residues were chosen because they are highly conserved in both RXFP1 and RXFP2 sequences and straddle Cys 563 , a part of the disulfide between EL1 and EL2. The double mutant RXFP1 G561A/V562A showed signaling characteristic of WT RXFP1 via cAMP in response to H2 relaxin stimulation; however, RXFP1 F564A was unable to signal (Fig. 8A) . Because RXFP1 F564A showed significantly poorer cell surface expression (58.2 Ϯ 6.6% WT RXFP1 expression, p Ͻ 0.001; Fig. 8B ), an additional mutation, RXFP1 F564Y, was prepared. This mutation showed normal cell surface expression and normal signaling in response to H2 relaxin (Fig.  8A) . These results suggest that the phenylalanine adjacent to the disulfide forming cysteine may be important for RXFP1 function; however, whether it interacts with H2 relaxin or simply effects the structure of the TM domain is not clear.
Therefore, we prepared similar mutants of this phenylalanine in the EL1/EL2-GB1 scaffold (Phe 82 in Fig. 1 is equivalent to Phe 564 in full-length receptor) and characterized their structures by CD and their interaction with H2 relaxin by streptavidin pulldown assays and NMR titrations. The CD spectra of EL1/EL2-GB1 F82Y had both a similar content of secondary DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50
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structure and stability to EL1/EL2-GB1, whereas EL1/EL2-GB1 F82A showed a similar content of secondary structure to EL1/ EL2-GB1cs, suggesting a loss of structure (Table 1) . Notably the stability of EL1/EL2-GB1 F82A was comparable with EL1/EL2-GB1. Consequently, these data suggest that mutating the phenylalanine to alanine is structurally perturbing.
Pulldown assays using biotinylated H2 relaxin showed that consistent with the activity assays, EL1/EL2-GB1 F82A did not interact with H2 relaxin, whereas EL1/EL2-GB1 F82Y behaved similar to EL1/EL2-GB1 (Fig. 9) . 15 N HSQC spectra of both EL1/EL2-GB1 F82A and F82Y showed fewer peaks than EL1/ EL2-GB1 (data not shown). Although peaks, consistent with folded GB1, were retained, compared with EL1/EL2-GB1 fewer resonances were observed in the unstructured region of 7.5-8.5 ppm, which we have tentatively attributed to the loop residues. Notably, the indole NH of the EL1 Trp is split into a weak resonance at 9.95 ppm and an intense resonance at 10.1 ppm for both mutants, which may reflect cis-trans isomerism of the Pro in EL2, similar to what was observed for EL1/EL2-GB1cs. Importantly, the shift of the Trp indole resonance suggests that (Fig. 10) . Changes of intensity for 14 peaks were . E, expansion of a region of the overlay of EL1/EL2-GB1cs at 0 and 10 M H2 relaxin showing no dose dependence changes to the spectra. F, the average change in intensity of 20 15 N HSQC peaks for EL1/EL2-GB1 with the addition of H2 relaxin (K d of 3.9 Ϯ 0.9 M). No peaks from EL1/EL2-GB1cs were able to exhibit the same response, indicating no interaction between EL1/EL2-GB1cs and H2 relaxin, confirming the results from the pulldown assay. DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50 clearly detected, and fitting to a saturation binding curve gives a K d of 2.5 Ϯ 0.3 M, similar to that noted for EL1/EL2-GB1.
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Site-directed Mutagenesis of EL1 Tryptophan and EL2 Proline in Full-length RXFP1-The
15 N HSQC NMR experiments using the scaffold revealed dose-dependent changes in intensity of a resonance attributed to the EL1 tryptophan upon addition of H2 relaxin. In addition, mutation of the EL2 Phe resulted in loss of interaction with H2 relaxin and chemical shift changes to the indole peak of this Trp. These data suggest that the EL2 Phe and EL1 Trp may interact with H2 relaxin. To investigate the role of these residues further, mutations at Trp 479 and an additional F564L mutation were introduced into full-length RXFP1. Because our mutations of Gly 561 and Val 562 showed no change to signaling, suggesting that residues on the N-terminal side of Cys 563 site are not a part of the binding site, we also mutated Pro 565 , the next residue C-terminal of Phe 564 to further investigate H2 relaxin interactions with that region of EL2. Because the F564A mutation showed poor expression in transient transfections and to aid in characterization of new mutations, HEK-293T cells stably expressing mutant receptors were prepared and characterized for H2 relaxin binding and signaling in response to H2 relaxin and the small molecule allosteric modulator of RXFP1, ML290 (31) .
Two substitutions were made to RXFP1 at Trp 479 : alanine, which removed the whole side chain, and leucine, which conserved the hydrophobic nature of tryptophan. Interestingly, the W479A mutant was unable to signal via cAMP in response to H2 relaxin at concentrations of up to 10 M H2 relaxin (Fig. 11A and Table 2 ). To validate the functional integrity and structure of the TM domain, the response of W479A to the allosteric site agonist ML290 (13) was measured and showed that the mutant was responsive to ML290 but with a significant reduction in potency (pEC 50 of 6.30 Ϯ 0.34 for W479A and 7.04 Ϯ 0.12 for WT RXFP1; p Ͻ 0.001; Fig. 11B and Table 2 ). The E max in response to ML290 was only 31% of the wild-type response, suggesting either lower cell surface expression of this variant or some type of structure perturbation affecting receptor function. Relaxin binding was therefore performed, which demonstrated that the W479A mutant was still able to bind H2 relaxin but exhibited a 10-fold reduction in binding affinity (K d of 8.23 Ϯ 2.7 nM compared with 0.64 Ϯ 0.05 nM for wild-type RXFP1; p Ͻ 0.001; Fig. 12, A and B, and Table 2 ). Additionally, Table 2 ) and less functional receptor at the cell surface (B max of 14.0 Ϯ 4.1% for W479A versus WT RXFP1; p Ͻ 0.001). However, W479L was able to signal in response to H2 relaxin, albeit with a reduced ligand potency (pEC 50 of 10.39 Ϯ 0.13 for W479L and 10.99 Ϯ 0.03 for WT RXFP1; p Ͻ 0.05; Fig. 11A and Table 2 ) and reduced E max (86.57 Ϯ 16.2% for W479L and 144.8 Ϯ 19.8 for WT RXFP1; p Ͻ 0.05). A similar reduction in ligand potency (pEC 50 of 6.32 Ϯ 0.19 for W479L; p Ͻ 0.01 versus RXFP1) and E max (40.3 Ϯ 13.9 for W479L; p Ͻ 0.001 versus RXFP1) was seen in response to ML290 (Fig. 11B and Table 2 ). Hence the mutation of Trp 479 has distinct effects on H2 relaxin binding and signaling that are partially related to the reduced cell surface expression of the variant.
In addition to preparing a stable F564A mutant, we also replaced this residue with leucine, thus retaining hydrophobicity and side chain bulk but removing the aromaticity. Unlike transient expression, stable expression of F564A demonstrated signaling in response to H2 relaxin, although there was a significant decrease in ligand-mediated potency (pEC 50 of 8.52 Ϯ 0.41; p Ͻ 0.001; Fig. 13A and Table 2 ) and efficacy (E max 67.0 Ϯ 3.0%; p Ͻ 0.01; Fig. 13A and Table 2 ) in comparison to RXFP1. Interestingly, F564A expressing cells responded to ML290 with decreased potency (pEC 50 6.02 Ϯ 0.07; Fig. 13B and Table 2 ) but with no significant change in efficacy (E max 81.3 Ϯ 13%; Fig. 13B and Table 2 ). Similar to the Trp mutants, F564A showed reduced affinity to H2 relaxin (K d 5.44 Ϯ 2.55 nM, p Ͻ 0.05; Fig.  12B and Table 2 ) but also with a significantly lower B max (25.8 Ϯ 6.3%, p Ͻ 0.001), demonstrating less functional receptor at the cell surface. F564L, however, showed binding to H2 relaxin similar to wild type ( Fig. 12B and Table 2 ) with improved but still significantly lower levels of cell surface functional receptor (B max 56.3 Ϯ 4.1%, p Ͻ 0.001). This mutant had significantly lower ligand potency (pEC 50 10.21 Ϯ 0.06) but an efficacy sim- . Streptavidin pulldown assay to determine relaxin binding to EL1/EL2-GB1 F82A and F82Y. In the first panels, both mutants did not interact with streptavidin resin alone. In the second panels, EL1/EL2-GB1 F82Y was able to be pulled down in the presence of biotinylated H2 relaxin similar to WT-EL1/EL2-GB1. EL1/EL2-F82A was unable to bind biotinylated H2 relaxin as seen with the EL1/EL2-GB1cs and tGB1 proteins. U, unbound fraction; B, bound fraction to streptavidin beads. The data are from one representative experiment of three independent experiments. DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50 ilar to wild type. The final mutant P565A showed significantly reduced potency in response to H2 relaxin (pEC 50 of 9.48 Ϯ 0.08 versus RXFP1; p Ͻ 0.001; Fig. 13A and Table 2 ), and although the efficacy was also reduced, this was not significant. However, this reduced H2 relaxin activity was not associated with a reduced affinity for H2 relaxin (Fig. 12C and Table 2 ), although the cell surface expression of functional receptors was lower (B max of 31.8 Ϯ 4.2%; p Ͻ 0.001). In addition there was no difference in the potency or efficacy of ML290 on P565A-expressing cells compared with WT RXFP1 (Fig. 13B and Table 2 ). Consequently, the P565A mutation does not seem to alter the functional integrity of the TM domain, suggesting that the residue may be involved in H2 relaxin-mediated receptor activation.
The Role of the Extracellular Loops in RXFP1 Activation
DISCUSSION
GPCRs have a highly conserved structure consisting of seven transmembrane helices that coordinate together to transmit a signal from one side of a membrane to the other facilitating signal propagation. These helices are held together by a series of intracellular loops and ELs that coordinate helix dynamics facilitating activation. However, it is becoming clear that ELs play much more than just a structural role with identification of ligand binding sites (32) , agonist/antagonist activity determination (33) , and constitutive activity regulation within these largely unstudied regions of GPCRs (30, 34) .
Chimeric receptors (7, 15, 35) and site-directed mutagenesis, including cysteine reactivity and photo affinity cross-linking (30) , have been applied for the identification of EL residues required for ligand recognition and receptor activation (32, 33) . Synthetic peptides consisting of individual loops have been prepared, often tethered at the ends, to investigate interactions with ligands using NMR (36, 37) . However, this is complicated by the growing appreciation and evidence from the x-ray crystal structures that the ELs are able to interact with each other, and No peaks from EL1/EL2-GB1 F82A were able to exhibit the same response, indicating no interaction between EL1/EL2-GB1F82A and H2 relaxin, confirming the results from the pulldown assay (Fig. 9) .
the conservation of a disulfide bond between the C terminus of EL1 and the middle of EL2 suggests that more than just the peptide sequence may be required for ligand recognition.
The large membrane-bound protein OmpA has been used successfully as a scaffold to display the ELs of GPCRs to investigate interactions between extracellular elements of the neuropeptide Y receptor and its ligand (38, 39) . Also a combination of recombinant, enzymatic and chemical synthetic approaches were used to build a scaffold displaying elements of the corticotrophin-releasing factor receptor type 1 (40) . Although all the loops and the N terminus were simultaneously displayed, these scaffolds were either membrane-bound and/or remained difficult to purify and work with.
In this study, we describe an approach utilizing a soluble protein scaffold system successfully used to investigate interactions between the extracellular elements of CCR3, another GPCR, with its peptide ligand eotaxin (11, 41) . Similarly, we incorporated EL1 and EL2 of RXFP1 onto surface-exposed loops of a thermostabilized variant of the B1 immunoglobulin binding domain of streptococcal protein G (EL1/EL2-GB1). Advantages of the EL1/EL2-GB1 scaffold include its solubility, small size, and the inherent stability of the GB1 fold. The proteins were relatively easy to express and purify compared with the OmpA scaffold, and the small size and solubility allow for the use of multiple biophysical techniques employed for detection of an interaction between the displayed loops and the ligand of interest.
EL1/EL2-GB1 was designed to investigate the specific interactions occurring at the ELs with the cognate ligand relaxin in addition to the LDLa module, which has the potential to act as a tethered ligand. We observed in both pulldown and solution NMR experiments an interaction between EL1/EL2-GB1 and H2 relaxin, which is not observed for tGB1 alone and, most importantly, for a construct lacking the disulfide bond between EL1 and EL2. These results indicate that the structural integrity of EL2 and the C-terminal end of EL1 is necessary for this interaction. The LDLa module was shown both to compete with biotinylated H2 relaxin for EL1/EL2-GB1 and to interact with 15 N-EL1/EL2-GB1 in solution NMR experiments. As far as we know, these latter experiments are the first to provide evidence that the LDLa module is able to interact with the ELs of RXFP1, particularly EL1 and EL2. This has implications for the understanding of molecular mechanisms surrounding H2 relaxin-induced receptor activation.
To date, site-directed mutagenesis of residues within the LRRs of the extracellular domains for RXFP1 and the closely related RXFP2 and reciprocal mutations within the cognate ligand relaxin and INSL3 have revealed sites of ligand interaction (6, 42, 43) . Additionally, studies on relaxin-3 interactions with chimeric RXFP1 and RXFP2 receptors have suggested another, lower affinity site of interaction within the TM domain including EL2 (7, 15) . Modeling of the extracellular domain interaction in combination with the possibility of an EL inter- ML290 (B) . The data are expressed as percentages of 5 M forskolin response pooled from at least three independent assays (actual numbers in Table 2 ) with triplicate determinations within each assay.
TABLE 2
Comparison of mutant RXFP1 receptor cAMP activity and Eu-H2 relaxin binding to wild-type RXFP1 cAMP activity has been tested with H2 relaxin and ML290 with the results expressed as ligand potency (pEC 50 ) and maximum cAMP response (E max ; % forskolin stimulated activity). Saturation binding was performed with Eu-labeled H2 relaxin, and the results are expressed as affinity (K d ) and B max (% RXFP1). The data are expressed as means Ϯ S.E., and replicates for each assay are in parentheses. The Role of the Extracellular Loops in RXFP1 Activation DECEMBER 12, 2014 • VOLUME 289 • NUMBER 50 action demonstrated the possibility of the LDLa module also having access to the TM domain of receptors (44) . Functional characterization of LDLa-less, chimeric, and mutant receptors has demonstrated a critical functional role for the LDLa module (10, 24) . Because of the inability of concentrating EL1/EL2-GB1 beyond ϳ200 M, 15 N-LDLa was titrated to only equimolar with EL1/EL2-GB1. Nevertheless, small chemical shift differences were localized to the C-terminal region of the LDLa module, implying that this region interacts with EL1/EL2 of RXFP1. In our previous studies using site-directed mutagenesis and both knock-in and -out functional analyses, we showed that a hydrophobic surface in the N-terminal region of the RXFP1 LDLa comprising Leu 7 , Tyr 9 , and Lys 17 were important for receptor activity (9, 10) . Importantly, the knock-out mutagenesis experiments (10) could not abolish activation, suggesting that there were critical residues that we had not revealed. Furthermore, our recent study where we performed knock-in and -out functional analyses of the RXFP2 LDLa suggests that the C-terminal region of the RXFP2 LDLa module is the main driver of activation of this receptor (45) . Hence, it is likely that the C-terminal region of the RXFP1 LDLa is involved in receptor activation, and because the N-terminal region did not appear to be affected in the EL1/EL2-GB1 titration, it is tempting to speculate that Leu 7 , Tyr 9 , and Lys 17 may interact at a site within the TM not presented by the scaffold protein. Importantly, most of the residues that appear perturbed in the titration are also thought to contribute to the Ca 2ϩ ligation. This region is involved in protein-protein interactions for other proteins that contain LDLa modules (46 -48) . However, it is difficult to test the importance of these residues through mutagenesis because their involvement in Ca 2ϩ ligation is essential for maintaining global fold and stability of this module.
These studies informed the interrogation of specific EL mutations in the whole receptor, Table 2 ) with triplicate determinations within each assay. ML290 (B) . The data are expressed as percentages of 5 M forskolin response pooled from at least three independent assays (actual numbers in Table 2 ) with triplicate determinations within each assay.
and Pro 565 on EL2, within full-length RXFP1. Mutations of all of the EL residues had profound effects on the signaling of the receptors in response to H2 relaxin. However, all mutants, except P565A, also showed significant perturbation of activation by the small molecule activator ML290. Importantly, this compound activates RXFP1 by an allosteric mechanism, potentially involving EL3, which does not require the LDLa module (31) and was used as a control for potential disruption in EL structure. Because ML290 activity and H2 relaxin binding are not significantly different for P565A, but H2 relaxin induced signaling is perturbed, this indicates that this residue may be directly involved in the interaction with the LDLa module. It is more difficult to draw conclusions on the role of both Trp 497 in EL1 and Phe 564 in EL2 because mutation of these residues also leads to changes in ML290 activation, suggesting structural perturbations in the TM domain. However, whereas the ML290 signaling ability of both W479A and W479L is similar, both of the receptors have decreased H2 relaxin affinity and importantly, W479A is completely inactive, whereas W479L demonstrates reduced activity commensurate with the decreased H2 relaxin affinity. Hence it is possible that Trp 479 is involved in an interaction with H2 relaxin. Likewise, although the ML290 signaling ability of both F564A and F564L is similar, F564A demonstrates markedly reduced activity in response to H2 relaxin, suggestive of an effect on the LDLa interaction. This would be consistent with the reduced activity of P565 and suggests the LDLa may be interacting with both of these residues. Confirmation of these potential interactions awaits further studies; however, the current study highlights the clear importance of the RXFP1 EL structure and potential direct amino acid contacts for both H2 relaxin binding and LDLa-mediated activation.
The interaction with the LDLa module also highlights a new target for therapeutic modulation of RXFP1. Some studies have already highlighted the potential therapeutic role because the expression of soluble LDLa module was shown to act as an antagonist at RXFP1 resulting in a decrease in RXFP1 signaling in prostate tumor cells, inhibiting tumorogenesis (49) . The LDLa module is a feature unique to RXFP1 (and closely related RXFP2) and is not observed in any other human GPCRs, indicating ligands targeted to this module could be highly specific to modulation of RXFP1-mediated physiologies.
In conclusion, this scaffold approach has provided a unique means of investigating interactions between regions of GPCRs and their ligands independently from other, high affinity binding sites, which may be difficult to resolve within the full receptor. Specifically, the role of interactions at the ELs of RXFP1 and the contribution they make toward receptor activation has been explored. To this end, a scaffold protein was successfully utilized as a tool to display the ELs of interest, in a soluble system. Although an interaction with H2 relaxin was confirmed, new evidence supports an interaction between the ELs of the receptor with the LDLa module. Whether H2 relaxin and the LDLa module simultaneously interact with the ELs to activate the receptor remains to be resolved. These observations provide important information for future drug design at this receptor.
